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ABSTRACT
An in v estig a tio n  o f  the hydrologic parameters of a topographic 
b a s in  in re la tio n  to the modeling o f the a sso c ia te d  groundwater system  
w as carried  out.
The study area ch o sen  was Hualapai F la t ,  Nevada, b e ca u se  of 
(1 ) i t s  in te re s t  to the s ta te  engineer as  a hydrologic b asin  having p o ss ib le  
overd raft ,  ( 2) the apparent sim plicity  of the hydrologic flow sy stem , and 
(3) i ts  a c c e s s i b i l i t y .
Data were taken and analyzed , which resulted in values for the 
input param eters of a tw o-dim ensional, time dependent numerical model. 
This data is  summarized in a se r ie s  of maps showing the distribution of 
t r a n s m is s iv ity ,  storage c o e f f ic ie n t ,  sources and sinks and boundary flows 
and h e a d s .
Preliminary runs using  the model showed that more acco u n t must 
be  taken o f  v e r t ica l  components of flow to more adequately  d e scr ib e  the
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The Nevada State  Engineer was interested in the demonstration 
o f  a model sim ulating the hydrologic system of a b a s in .  The overall study 
included the constru ction  o f models for simulating precipitation, stream 
flo w , and the groundwater sy stem . This report is  concerned with the 
c o l le c t io n  and interpretation o f  data su itable  for use in a numerical model 
for sim ulating  the head distribution o f  the groundwater system a s  a function 
o f  p o sition  and tim e.
H ualapai F la t ,  a topographic basin  in northwest Nevada, was 
c h o se n  a s  a fie ld  te s t  area due to a combination of fa c to rs .  It was of 
in te re s t  to the s ta te  engineer due to the p o ss ib le  over-appropriation o f  the 
goundwater. The hydrologic system appeared at f irs t  sight to be simpler to 
work with than th ose  of b asin s  with flow-through streams or appreciable 
hydraulic co n n ectio n  with ad jacen t b a s in s .  It was c lo s e  to the water 
re so u rc e s  f a c i l i t i e s  in Reno and was e a s i ly  reached by paved and graveled 
ro a d s , with a re a s  o f concern  within the basin  fairly  a c c e s s ib le  by farm 
and ranch ro ad s.
The overa ll  topographic basin  and the v a l le y - f i l l  basin  were 
re la t iv e ly  sm all;  th ere fore , more area could be covered for data c o lle c t io n  
w ithin the time a l lo t te d .  The v a l le y - f i l l  area of Hualapai had good air 
photo co v erag e  with a 1954 se r ies  of 1 :2 0 ,0 0 0  photos showing the area 
when there w as only minor agricultural development, and a 1969 se r ie s  of 
1 : 2 0 , 0 0 0  photos showing the area a fter  ex ten siv e  surface alteration due
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to the developm ent of irrigated cropland. Also, background data were 
a v a i la b le  from previous hydrologic studies of Hualapai F la t  by S in c la ir  
(1962) and Harrill (19 6 9 ) .
G eneral Method of Investigation
In g e n e ra l ,  a numerical model of a groundwater system requires 
for input th e  sp a t ia l  distributions of the hydraulic conductivity  and the 
s p e c i f ic  s to ra g e ,  and the sp atia l  and temporal distributions of the s o u rc e s ,  
s in k s  and boundary co n d it io n s .  For a two-dimensional model, which was 
c h o s e n  for the study, the hydraulic conductivity is  replaced by the tran s­
m is s iv ity  and the s p e c if ic  storage by the storage c o e f f ic ie n t .
V alues for the input parameters were determined in part from 
in terp retation  of data from d rillers ' well logs and existing  s tu d ies ,  and in 
part from data c o l le c te d  in the field over a period of 2 - 1 / 2  to 3 y e a rs .  ' A 
v a r ie ty  o f fie ld  methods were used for measuring raw data needed for 
determ ining the input param eters. Flow rates of the pumping w e lls  were 
m easured during the irrigation s e a s o n s ,  with flowing w e lls  and springs 
being m easured throughout an entire year. A lso , hydraulic heads of the 
flowing w e lls  were measured during the pumping and non-pumping sea s o n s . - 
W a te r  le v e ls  in w e lls  were measured on a near-monthly b a s is  with four 
unused irrigation w e lls  equipped with continuous water le v e l record ers . 
Pumping t e s t  data were obtained under known, constant flow rate cond itions, 
where w ater le v e l s ,  a s  they changed with time, were measured in the 
pumped w ell and nearby observation w ells  during pumping and non-pumping 
p e r io d s .  Barometric recordings were a lso  obtained a t  three of the water
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le v e l  record er s i t e s .  Flow measurements were made in sev era l p la c e s  
a long the ch an n els  of each  principal stream . With the help of air photos, 
fie ld  in v e s t ig a tio n s  were made of the springs and phreatophyte d istr ibu ­
tio n s  and o f the major geologic  features along the margins of and within 
the v a l l e y - f i l l  b a s in .
G en era l Location  and Features
H ualapai F la t  is  located  about 130 m iles north of Reno, N evada. 
From G e r la c h ,  N evada, it is about 20 m iles to the north and can  be 
reached by S tate  Highway 3 4 ,  a graded and graveled road (F ig . 1 ) .
H ualapai is  located  mainly in W ashoe County. The northeastern 
portion is  in Humboldt County and, below th is ,  a strip of the eastern  side 
is  in Pershing County.
The H ualapai F la t topographic basin  is  bounded on the south and 
w e s t  by the G ranite  Range. An extensio n  of the Granite Range forms the 
northern boundary. The eastern  boundary separates Hualapai from the 
B lack  Rock D e s e r t .  The northern half  of th is boundary is  the C a lico  
M o u n ta in s .  The southern half  is  a composite s e c t io n .  There is  a ridge­
lik e  e x te n s io n  of the Granite Mountains in the South; north of th is  is  a 
low bedrock ridge extending toward the C alico  M ountains, and betw een 
the low ridge and the C a l ic o  Mountains is  an a llu via l sad d le , which is  the 
lo w est part of the b a s in 's  topographic divide.
The lowland v a lley  of Hualapai F la t l ie s  mainly in the e a s t -  
c e n tra l  and so u th east  portions of the b a s in .  The v a lley  is  approximately
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5 m iles wide and 13 m iles long for an area of 65 square m iles ,  while the 
entire  b a s in  has an area of about 315 square m iles .  The southern part of 
the v a l le y  is  an a lk a l i  f la t  having an area of about 8 square m iles and is  
the topographic low of the b a s in .  Hualapai F la t is  a topographically
e n c lo se d  b a s in ;  thus the surface drainage is  in tern al, and is  toward the 
a lk a l i  f la t .
ih e  h ig h est  e lev ation s  are in the southern part of the Granite 
R ange. The h ig h e s t  point in th is  range is  Granite Peak at 9 , 0 5 6  fe e t .  
Other prominent peaks are Fox Mountain in the northwest a t 8 ,2 2 2  fe e t  
and D onnelly  Peak o f the C a lico  Mountains in the northeast a t  8 ,4 9 1  f e e t .  
The lo w est point of the a lk a li  f la t  is  about 3 ,9 5 0  f e e t .  Thus the maximum 
r e l ie f  in the b as in  is  about 5 , 1 0 0  fe e t .
The mountains along the w est and north side of Hualapai basin  
are  high and large enough to produce an orographic e ffe c t  such that they 
re c e iv e  the m ajor portion of the yearly p recip itation . This e f fe c t  is  
e s p e c ia l ly  pronounced in the winter and early spring when approximately 
60% of th e  to ta l annual precipitation comes from frontal system s moving 
inland from the P a c if ic  O cean (Bamberg and F r iese n , 1 9 7 2 ) .  No snow 
co u rse s  or w eather s ta tio n s  are within Hualapai F la t .  To estim ate  the 
sp a t ia l  d istr ibu tion  of mean annual precip itation, Bamberg and Friesen  
(1972) developed a model based on vegetation and topographic param eters. 
The resu lt in g  iso h y eta l  map for Hualapai shows a range of mean annual 
p recip ita tion  from over 25 inches in the Granite Peak area to le s s  than 5 
in ch es  over the v a l le y  floor. Streamflow data from this p ro ject (Fordham,
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in press) and from Harrill (1969) indicate  that approximately 95% o f  the 
to ta l  annual runoff comes from th ese  mountains, with 75 to 85% o f  this 
runoff com ing from snowmelt mainly in the spring and early summer.
The p rincipal stream s are shown in F ig . 5 .
The granodiorite mountains of the southwest part of Hualapai 
have a s te e p  front of re la tiv e ly  large re l ie f .  This has resulted in streams 
with s teep  grad ien ts ,  short, straight courses and re la tiv e ly  small drainage 
a r e a s .  In c o n tr a s t ,  the v o lcan ic  mountains of the w est and north have 
s lo p e  and stream gradients that overall are f la t te r .  The stream cou rses  
are  longer and more dendritic in pattern, and the drainage areas a r e ‘much 
larg er .  W here the upper re a ch e s  of several streams breach plateau a r e a s ,  
th e  gradients are fa irly  s te e p .
Topography of the mountains re f le c ts  the predominant rock types 
in e a ch  a r e a .  W eathering o f the granodiorite has been controlled in part 
by the fracturing pattern and the included v e in s ,  and th is  has helped pro­
duce a rugged topography. The topography of the v o lc a n ics  is  generally  
not a s  rugged. The slope su rfaces  are more rounded and undulating. 
H ow ever, lo c a l ly  the eroded and faulted margins of plateau areas have 
s te e p  c l i f f s  with prominent ta lus s lo p e s .  In several lo c a t io n s ,  v o lcan ic  
c l i f f s  d isp lay  columnar p a l is a d e s .
Previous Studies
The f irs t  general d e scr ip tio n  of the geo logic  structure and rock 
typ es of th is  area is  given in the reports of the geologic explorations of
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th e  fortie th  p ara lle l (King, 1878; Hague and Emmons, 1 8 7 7 ) .  The thermal 
springs o f H ualapai were d iscu sse d  in a study of Lake Lahontan (R u sse ll ,  
1 8 8 5 ) ,  w hich included a chem ical a n a ly s is  of a hot spring o n W a rd 's  
Ranch. The geology and mining operations of the Leadville  Mining D is ­
tr ic t  in th e  northern part of the Hualapai basin  were described by Overton 
(1 9 4 7 ) .  The geology of the W ashoe County portion of Hualapai was 
mapped a s  part o f  a m aster 's  th e s is  (Bonham, 19 62) and a s  part of a study 
of the g eo lo gy  and mineral d eposits  of W ashoe County (Bonham, 1 9 6 9 ) .
The geology of H ualapai F la t that is  in Humboldt County, which is  mainly 
the southern portion of the C alico  M ountains, was mapped by Wilden 
(1964) a s  part o f  a county-w ide geologic  study. The geology o f Hualapai 
in Pershing County has been mapped on a re co n n a issan ce  level by Tatlock 
(1969) in preparation of a geo log ic  map of the county. An updated 
g en era lized  geo lo g ic  map o f Nevada has been compiled and recently  
published by the U . S .  G eo lo g ica l  Survey (Stewart and C arlso n , 1974 ) .
Sev era l g eo p h y sica l studies have been made in the area . 
M cG in n is  and Dudley (1964) did a se ism ic  profile along the a lluvial divide 
betw een H ualapai F la t and the Black Rock D esert .  They a ls o  made a 
re f le c t io n  shot for depth of f il l  on the a lk a li  f la t .  Sun Oil Company has 
been a c t iv e  in geothermal studies in th is region for nearly twenty y ea rs .
In 1 9 7 2 -7 3  th eir  g eo lo g ica l  and geophysical a c t iv i t ie s  in the v a l le y - f i l l  
b a s in  o f  H ualapai included plane table mapping of the Fly Ranch hot 
springs area and the Granite Ranch thermal a r e a s ,  the drilling o f three 
sm all d iam eter h o le s  for heat flow data and a network of gravity read in gs .
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As y e t ,  m ost of th is  information has not been published.
R ecently  the Colorado School of M ines has been conducting a 
geotherm al study in the Hualapai F la t and Black Rock D esert area of 
N evada. S e v e ra l  progress reports (Grose and Keller, 1 9 7 4 -7 5 ,  1975) give 
information about the geo log ic  mapping and geophysical surveys being 
conducted in the Hualapai b a s in .
zhe United S ta tes  G eolog ica l Survey drilled sev era l small 
d iam eter exploratory ho les  in the Hualapai basin  a s  part of a geothermal 
study of the reg io n , and a variety  o f downhole data was published 
(O lm sted , e t a l . ,  1 9 7 4 ) .
There have been  two hydrologic studies of Hualapai F la t .  The 
f ir s t  was a re c o n n a is s a n c e  report by S in cla ir  (19 62) and gave estim ates  
o f  recharge  to ,  and d isch arge  from, the grounwater system . The second 
report (H arrill ,  1969) was made a fter  five to s ix  years of ex ten siv e  u se  of 
groundwater for irrigation and was mainly concerned with the e f fe c t  on the 
hydrologic system  due to pumping the groundwater.
Econom ic Development
The grazing of c a t t le  and sheep was the principal economic 
o ccu p atio n  prior to development o f groundwater for irrigation farming.
Some mining h as taken place in Hualapai F la t .  Leadville  Mine 
in the northern mountains operated from 1 9 1 0 -1 9 2 8 .  During th is  time 
approxim ately  6 2 ,4 0 0  tons of lode matter produced mainly lead and s i lv e r ,  
with some copper and g o ld , f o r a  total value of about $ 1 ,3 6 0 ,0 0 0  (Bonham,
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19 69 ) .  After the mine c lo se d  In 19 28 , t,  wa s never reopened long enough 
to produce any ap p reciab le  amount of ore.
The D onnelly  Mining D istr ic t  on the w est flank of Donnelly Peak 
o f the C a l ic o  M ountains in the northeast end of Hualapai has been mined 
for sm all amounts of gold occurring in quartz veins cutting exposures of 
granodiorite and metamorphic ro c k s .  The total value from the ore produc­
tion w as reported by Vanderburg (1938) to have been about $ 9 0 ,0 0 0 .
There h as  not been any reported act iv ity  s in ce  the 1 9 4 0 s .
Thermal springs in the v ic in ity  of the Fly Ranch, S e c .  1 & 2, 
T .3 4 N .  , R .23E., have created  an in terest in the geothermal resou rces of 
the a r e a . Se v e ra l exploratory h o les  and w ells  drilled in the Fly Ranch 
thermal springs area and on the Granite Ranch at the southern end of the 
v a l le y  have encountered hot mineralized water under considerable  pressure. 
The G e y s e r  is  a tower of mineral d eposits  approximately 15 feet high 
which h a s  been  precipitated from the hot w ater flowing from a well drilled 
in the therm al springs area in the 1 9 2 0 s .  Sun Oil Company has geothermal 
le a s e s  on much of the privately  owned land in the Hualapai v a lley  b a s in .  
R ecen tly  the Bureau of Land Management has let for bid geothermal le a s e s  
on land in the v ic in ity  o f the Hualapai thermal a r e a s .  However, to date 
no geotherm al a re a s  in the b asin  have been  developed for power genera­
tio n .
The m ajor econom ic development in Hualapai F la t has been 
irrigated cropland . Prior to th is  development, there was an u n su cce ssfu l 
attem pt a t  dry farming in the 1 9 2 0 s .  Over the years some meadowland,
a lfa l fa  and hay have been irrigated by streamflow and spring d isch arg e , 
m ainly in co n n ectio n  with the lo ca l  ca t t le  and sheep operation. The first 
large  d iam eter irrigation w ell w as drilled in 1 9 5 1 .  However, large sc a le  
developm ent o f irrigated farmland did not start until the 1 9 6 0 s .
By 1 9 6 7 ,  tw en ty -e ig h t large diameter irrigation w ells  had been 
drilled in the v a lle y  b a s in .  In 1 9 7 2 ,  there were 38 irrigation w e l ls ,  most 
of them lo ca te d  in the northern h a lf  of the v alley  basin .- However, only 
21 were being  pumped for irrigation . By 1 9 7 2 ,  about 7 ,0 0 0  a c re s  of land 
had permits for irrigation by groundwater, but during th e  growing seaso n  
on ly  about 4 ,0 0 0  a c r e s  of land were being in'igated by groundwater. 
Lo cation  o f w e l l s ,  t e s t  h o le s ,  springs and the approximate a cre a g e  in 
production in 1972 are shown in F ig .  2 .  The to w n sh ip -ra n g e -se c t io n  
system  is  u til ized  to lo ca te  and identify individual s i t e s .
GENERAL GEOLOGY
A d eta iled  geo lo g ic  investigation  of Hualapai F lat w as not an 
o b je c t iv e  o f  th is  study. The geology of the conso lid ated  rock a re a s  was 
com piled from previous rep orts ,  Bonham (1 9 6 2 , 1 9 6 9 ) ,  W ilden (19 6 4 ) ,  
T atlo ck  (1 9 6 9 ) ,  USGS (1974) and G rose and Keller (1 9 7 5 b ) .  The Q uater­
nary g eo lo g y , in part modified from Harrill (1969) and Grose and Keller 
( 1 9 7 5 a ,b ) ,  w as based  on exam ination and interpretation o f a ir  photos with 
spot c h e c k s  w hile  in the f ie ld .  For modeling purposes the principal 
in te re s t  w as in the geology of the v a l le y - f i l l  which involved mainly the 
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The mountains are composed principally  of igneous rocks with 
some sm all a re a s  of metamorphics and minor amounts of sedimentary 
ro c k s .  The igneous rocks are mainly intrusives in the southern part o f  
H u alap a i,  w hile  in the northern part they are principally  v o lcan ic  
e x t r u s iv e s .
The southern portion of the Granite Range is  mainly an exposed 
granodioritic  batholith  trending n o rth w est-sou th east .  The granodiorite 
m ass h as  intruded older m etavolcanics  and m etasedim ents which are on 
the northeasL flank of the exposed batholith . These  metamorphics are 
the o ld e s t  rock units exposed in the Hualapai basin  (Bonham, 1 9 6 9 ) .  To 
the north , the metamorphics are overlain  unconformably by extru sive  
v o lc a n ic s  th at make up the South W illow Formation (Bonham, 1 9 6 9 ) .
This formation is  composed alm ost entire ly  of v o lcan ic  flows and b r e c c ia s  
ranging from o liv in e  b a s a l t  to d a c i te .  The formation trends north to 
n o rth east a c r o s s  to the C a l ic o  Mountains and makes up the mountain 
m ass that forms the northern boundary of H ualapai. The northwest 
boundary mountains of H ualapai, from the area o f  Fox Mountain extending 
approxim ately  s ix  m iles to the no rth east ,  are composed of f lo w s ,  dom es, 
and some welded ash  flow tuffs o f  soda rhyo lite .  These ro c k s ,  a s  a unit, 
a re  the Canyon Rhyolite (Bonham, 1 9 6 9 ) ,  and unconformably overlie  the 
South W illow  Formation to the e a s t .  To the south o f Fox M ountain, the 
Canyon Rhyolite is  unconformably overlain by extru sive  flows of o liv ine
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b a s a l t .  In tru sive  m a sse s  of o liv ine b a sa lt  are a lso  present as  dikes and 
sm all p lu g s .  These are the youngest bedrock in the Hualapai b a s in ,  and 
are  the cap  rock o f the mountains forming the western boundary between 
Fox M ountain and the exposed granodiorite batholith .
The C a l ic o  Mountains are mainly v o lcan ics  of b a s a l t ,  an d esite  
and some rh y o lit ic  to d a c i t ic  welded tu ffs .  These v o lc a n ics  are sim ilar 
in age  and type to th ose  of the South W illow Formation (USGS, 1 9 7 4 ) ,  
but the C a l ic o s  conta in  sedimentary rock units which are apparently la c k ­
ing in the South W illow  Formation. The low ridges of bedrock forming a 
portion o f  the southern h a lf  of the eastern  boundary are mainly outcrops 
of meta sed im ents and m etav olcan ics  .
Quaternary
Quaternary units o ccu r mainly a s  sedimentary d ep o sits  in the 
v a l le y  b a s in .  These  units include e o lia n ,  lacu str in e ,  tu fa ,  co llu v ia l and 
a l lu v ia l  d e p o s i ts .  The Quaternary d eposits  are d ifferentiated into older 
and younger units on the b a s is  o f  the highest shoreline of Lake Lahontan's 
re c e n t  e ro s io n .  M ifflin  (oral communication, 1974) stated  that the 
e le v a tio n  o f  the h ig h e st  Lake Lahontan shoreline surveyed along the 
e a s te rn  divide of Hualapai was 4 ,3 7 2  fe e t .
The older units are mainly a llu v ia l fan d eposits  with some 
d e p o s its  o f  s lo p e  wash and ta lu s .  They are generally  exposed on the 






stream s which have entrenched th e ir  channels in th e s e  d e p o s its .  The 
downcutting is  in part due to the lowered b a se  le v e l which resulted from 
the d isa p p ea ra n ce  of Lake Lahontan in Hualapai and. in part, due to  up- 
l i f t  w hich is  evid enced  by fault scarps in a lluvial fa n s .
As the o lder a llu v ia l  deposits  are traced toward the centra l 
portion o f  the v a l le y ,  they extend beneath the younger Quaternary 
d e p o s i ts .  D is s e c te d  v a lley  f i l l  material in other areas-.of the Lake 
Lahontan b a s in  shows that the pre-Lake Lahontan sedim ents are in ter-  
bedded su b a er ia l  and lacu str ine  deposits  (Morrison & Frye, 19 6 5 ) .  This 
is  probably the c a s e  a ls o  in H ualapai. In gen eral,  the older alluvium is  
poorly to m oderately sorted with a larger per ce n t of the co a rse r  material 
occurring  n earer the mountain fronts . The d e p o s its ,  on the whole, 
becom e p ro g ress iv e ly  finer away from the mountain fronts with a pre­
dom inance of finer m aterial presumably occurring underneath the younger 
v a l l e y - f i l l  m aterial toward the cen ter  of the v a lley  b a s in .  The exposed 
o lder Quaternary sedim ents are mainly u nconsolid ated , but lo ca lly  are 
se m ico n so lid a ted  due to partial cem entation. At depth they may be sem i- 
co n so lid a ted  due to com paction.
The younger Quaternary deposits  are primarily u nconsolidated , 
intertonguing Lake Lahontan and subaerial sed im en ts . As surface 
d e p o s i t s ,  th ey  co v er the main portion of the v a lley  b a s in ,  including the 
w estern  area of the v a lley  t l j t  extends toward the mouth of Red Mountain 
C anyon . Downcutting has a ls o  a ffec ted  the younger sed im ents . This is
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e s p e c ia l ly  evident in the w estern extension  o f the v a l le y ,  where four 
c re e k s  have entrenched their channels in lake sed im ents. Recent 
stream a c t io n  h as  produced channel and flood plain d eposits  along chan­
nel r e a c h e s  in both bedrock canyons and the v a lley  f i l l .  Where streams 
leav e  the more confining c h a n n e ls ,  they spread out over the re la tiv ely  
f la t  v a l le y  f lo or , leaving a llu v ia l fan and braided channel d e p o s its .
This i s  e s p e c ia l ly  pronounced in the north end of the v a lley  where South 
W illow  C reek  debouches onto the v a lley  f la t spreading into a myriad of 
shallo w  c h a n n e ls .  The aforementioned four creeks  leave  their entrenched 
ch an n els  toward the cen tra l portion of the v alley  and have formed small 
a l lu v ia l  fan d e p o s i ts .  These e f fe c ts  have been largely  destroyed or 
modified by presen t day agricultural development but show up c le a r ly  on 
the o ld er  a ir  ph o tos .
The presen t subaerial erosion and deposition has re-w orked, 
covered up, and destroyed much of the surface lake fe a tu res .  Shoreline 
d e p o sit io n a l and e rosio n al features have not been preserved except in 
se v e ra l  protected a r e a s .  In the north end of the v a l le y ,  near the 
iso la te d  bedrock o utcrops, wave action  has cut ben ch es  into the older 
alluvium and le ft  beach  sands and grav e ls .  W ave action  a ls o  cut 
b e n ch e s  into the metamorphic outcrops of the eastern  d iv ide. Present 
a l s o  are  bars and sp its  in between and extending from several of th ese  
o u tcro p s .  L it t le  tufa was precipitated in Hualapai a s  contrasted with the 
great amounts around Pyramid Lake and in Winncmucca V a lley . A small
mound o f dendritic  tufa and tufa debris is  near the eastern  a llu v ia l divide
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and probably rep resen ts  near shore or shoreline a lg a l precip itation from 
the lake  w a ter .  A larger area of severa l tufa tow ers, 5 to 15 feet ta l l ,  
i s  1 . 5  m iles  north of the Fly Ranch hot springs area . This tufa most likely  
w as p rec ip ita ted  from former hot springs a s  this area appears to be 
bounded by the same fault system  a s  bounds the present hot springs.
The hot springs are within a c lu s te r  of springs w hich is  located  
on the w estern  margin of the v a lley  (S e c .  1 & 2 , T .3 4 N ;. , R . 2 3 E . ) .  The 
temperature of the springs v ar ies  from 27°  to 82°  C (centigrade) (Grose 
and K eller , 1 9 7 5 b ) .  The springs is su e  from a mound area that has been 
built  up prim arily by p recip ita tes  forming within and on top of the sed i­
ments through which the hot w aters flow. According to G rose and Keller 
(1 9 7 5 a ) ,  the spring group is  on an intrabasin horst trending north-north- 
e a s t  and is  bounded on the e a s t  by a prominent fault sca rp .  The fault 
cu ts  younger a l lu v ia l  and lake sed im ents , with the hot springs mound 
being bu ilt  up on younger Quaternary sedimentary d e p o s its .  This ind icates  
the p resen t hot springs s i t e s  are recent in a g e .
W ithin  th is  c lu s te r  of springs, four exploratory w e lls  are flowing 
with tem peratures from 86°  to 9 8 °  C . Calcium carbonate  i s  precipitating 
from the w ater and mounds have built up around the w e l ls .  The W estern  
G eotherm al, I n c . ,  w ell w as drilled in 1964 and encountered super-heated  
w ater  a t  a depth o f 1 ,0 0 0  fe e t  (Grose and Keller, 1 9 7 5 b ) . This w ell is  
s t i l l  d isch arg in g  flash in g  super-heated  water and within the la s t  four to 
f iv e  y ears  a p rec ip ita te  mound has built up to nearly cover the th ree -  
foot d isch a rg e  p ip e . W ater draining away from th is  w ell has produced
se v e ra l  travertine  te r r a c e s .
W ind act io n  h as  formed and is  s t i l l  modifying small sand dunes 
and phreatophyte mounds that occur mainly on the e a s t  side o f the playa . 
An area o f larger dunes starts  along the eastern  a llu v ia l divide and e x ­
tends towards the B lack  Rock D esert P la y a . M ost of th e se  dunes have 
been  s ta b i l iz e d  by v eg eta t io n . The dunes are probably formed from re ­
worked, in -p la c e  lake and a llu v ia l sed im ents , and from sediment blown 
in from the surrounding bare so il  playas and sparsely  vegetated a llu v ia l 
s lo p e s .  M ost stream flows that reach the playa are such that they are 
bringing in only  fine-gra ined  m ater ia ls ,  such a s  s i l t  and c la y .  S ince  the 
w ater ta b le  is  fa ir ly  c lo s e  to the playa surface and the s i l t s  and c la y s  
dep o sited  on the playa are not very perm eable, most of the surface run­
o ff  th at does reach the playa is  ponded and evaporates. Evaporation 
le a v e s  behind the mineral matter that was in solution, which re su lts  in a 
build-up o f s a l t s  in the playa sed im ents . When the playa surface is 
exposed  to the a i r ,  the groundwater table or its  cap illary  fringe may 
extend c l o s e  enough to the land surface to permit evaporation which w ill 
re s u lt  in a further build-up of s a l t s .  During dry periods the wind may 
move the f in e  sedim ents from the playa to ad jacen t a r e a s ,  helping to 
build d u n es ,  v egetation  mounds and their sand shadow s.
The 1954 a ir  photos show that lake sediments along the w e s t -
c e n tra l  s id e  of the v a lley  had been reworked into an area of dunes 
e longated  in a southw esterly  direction toward the centra l portion of the 
v a l le y .  T h ese  dunes a ls o  had a fa ir ly  exten siv e  covering of v eg eta t io n .
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At p re sen t a m ajor portion of th is  area is  under cu ltivation .
Structural Featu res
H ualapai F la t  is  representative  of the transition zone between 
the Columbia Plateau province and the basin  and range province. The 
v o lc a n ic s  of th e  w estern  and northern portion of Hualapai are part of 
th is  margin of the structural high plateau that covers most of the eastern  
and c e n tra l  portions o f  northern W ashoe County and extends north into 
Oregon. The p lateau  h as acted  a s  a re s is ta n t  structural block during the 
P lio ce n e  and Quaternary, in which high angle normal faulting h as taken 
p la c e  in the marginal reg io n s .
The uplifted granodioritic mass of the Granite Range is  a horst 
bounded on i t s  w estern  and eastern  s id es  by high angle normal fa u lts .  
The southern portion of the C a lico  Mountains appears to be a fault b lo ck , 
with normal fau lting on the w est front o f  the range and tilting  toward the 
e a s t .  T h ese  two structures are representative of Basin and Range 
mountain bu ild in g .
According to Bonham (19 6 9 ) ,  prior to the la te s t  period of 
deform ation, a rather e x te n s iv e  upland erosional surface of low re l ie f  
w as  developed over the area o f northern W ashoe County. The present 
mountains and v a lle y  basin  were initiated in la te  P liocene or early  
P le i s to c e n e ,  largely  a fter  the la s t  major deposition of v o lcan ic  ro c k s ,  
a s  normal fau lting of v o lcan ic  and granitic rocks began taking p la c e .
M o st o f  the fau lts  of liu alapai are oriented generally  north -sou th . Thus
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the v a l le y  b a s in  rep resen ts  the downthrown block or b lo cks  re la tiv e  to 
the m ou ntains. Deformation has continued into the present tim e.
Se v e ra l fau lt  scarp s  are located  in older and younger Quaternary 
d e p o s i ts .
In se v e ra l a re a s  o f the v a lley  cracking is taking p lace  in the 
se d im e n ts .  There does not appear to be any v ertica l or horizontal d is ­
p lacem ent along the c r a c k s ;  they merely opened up a s  if  th e  ground were 
pulled a p a rt .  The 1954 a ir  photos show that the grea test  number of 
c ra c k s  are  in the northern part of the v a lle y .  The cra ck s  in th is  area are 
ten s  o f fe e t  to over a mile long and are fairly straight along the ground 
s u r fa c e .  Their alignm ent is  mainly north to northeast and/are g en era lly  
grouped to geth er  in a su b -p a ra lle l  pattern. M ost of th e s e  crack s  have 
been  f i l le d  in and covered over due to preparation of the land for crops and 
s ig n s  of reopening were not observed in the f ie ld .
The two larges " c r a c k s "  in the northern part o f  the v a l le y ,  a s  
s e e n  on the 1954 a ir  p hotos, apparently are abandoned dirt ro ad s. They 
were rutted deep enough to have captured some of the flow from South 
W illow  C reek  and C aine Spring W ash and in e ffe c t  became ch an n els  for 
th e s e  s t re a m s .  On the a ir  photos they seemed out o f p lace  a s  chan nels  
b e c a u s e  th ey  cut a c ro s s  the natural stream channels of South W illow 
C re e k .  At p re se n t ,  th is  p ro ce ss  is  taking p lace on an unused dirt road 
on the n o rth east s id e  of the v a lle y .
On the e a s t  side o f the v a lley  what appears to be very recen t 
cra ck in g  h as taken p lace  in the area of well 3 5 / 2 4 - 2 9 c d .  The c ra ck s  do not
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show on the 1954  or 1969  a ir  photos. They are fresh in appearance 
with s tra igh t s id e s ,  clumps of dirt and grass sod s t i l l  hanging over the 
openings and se v e ra l  in s ta n c e s  o f  the cra ck s  going through shrubs.
Their su rfa ce  o utline  i s  irregular, but generally  they trend north to north­
w e s t .  They are  open for severa l hundred fe e t ,  are fraction s  of an inch 
to 2 fe e t  wide and are open to severa l fe e t  deep.
The c ra c k s  that show on the 1954 air  photos have been in ter­
preted by G ro se  and Keller (1975a) to be tec to n ic  in origin primarily 
b e c a u s e  th ey  are presen t prior to ex ten siv e  groundwater pumping. A lso , 
th e ir  o rien ta tion  seem s unrelated to the slope of the b a s in  and to the 
drainage l in e s  along the v a lley  floor. Their orientation i s  generally  in 
l in e  with fa u lts  in the bedrock and v a lle y  sediments along the w est and 
e a s t  margins o f the v a lley  b a s in .  The recent crack in g  on the e a s t  s id e  - 
of the v a l le y  may be the resu lt  of d ifferential compaction of the sedim ents 
due to th e  6 to 7 years of e x te n s iv e  pumping in the irrigation a re a .  How­
e v e r ,  it  i s  more l ik e ly  that the cra ck s  are tec ton ic  in origin s in ce  they  
are  g e n e ra lly  a ligned with and much c lo s e r  to fau lts  along the eastern  
margin o f the v a l le y .  The edge of the main pumping area is  over 1 .5  
m iles  to the northwest w hile  a fault that trends north-northwest a c ro s s  
the a l lu v ia l  divide is  only .2 5  miles to the e a s t .
The g eo p h y sica l study of M cGinnis and Dudley (19 64) showed that 
th e  maximum th ick n e ss  of sedim ents above bedrock along the eastern  
d iv ide w as 175 f e e t .  A re flec tio n  depth shot on the v a lley  floor w e s t  of 
the div ide ind icated  a depth to bedrock of 755 fe e t .  This in d ica te s  that
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H ualapai Is a bedrock en clo sed  basin  and that a t le a s t  600 fe e t  of d is ­
p lacem ent h a s  taken p lace  in that a r e a . G eop hysica l data related to the 
H ualapai V alley  b as in  co l le c te d  by Sun Oil Company and the Colorado 
School o f  M in es  h as not been  r e le a s e d .  G rose and Keller (1975a) have 
given a te n ta t iv e  interpretation o f  the te cton ic  development of the v a lley  
b a s in .  The northern end is  in the incip ient s ta g e s  o f  deformation show­
ing mainly ten s io n  c ra ck in g . The middle zone started deformation earlier
»
and now is  a t  the s tage  of normal faulting prior to general su b sid e n ce .
The m ajor hot springs complex is  located in th is  zo n e. The southern end 
o f the b a s in  began forming f irs t  and is now in the fin al stage  of general
s u b s id e n c e .  It is  the area o f maximum te cton ic  su bsid en ce  in the v a lley  
b a s in .
VALLEY-FILL RESERVOIR
M odeling o f the Hualapai groundwater system  e s s e n t ia l ly  
involved only th e  v a l le y - f i l l  b a s in ,  s in ce  th ese  sedim ents were co n ­
sidered to be the groundwater reservoir of major im portance. Thus the 
primary em phasis  was on the investigation of the hydrogeologic para­
m eters a ffe c t in g  the groundwater flow in the v a l le y - f i l l  b a s in .
H ydrogeologic Featu res
In order to model the flow system of the v a l le y - f i l l  reserv o ir ,  
i t  i s  n e c e s s a ry  to have an understanding of the geo log ic  framework of 
the re se rv o ir .  The subsurface geology of the v a l le y - f i l l  was determined
m ainly through interpretation of w ell lo g s .  Uncased te s t  hole 3 4 / 2 4 - la c  
(F ig .  2) encountered the la rg est  s e c t io n  of unconsolidated sedim ents -  
660 fe e t  o f  m ainly interbedded sand and c la y .  It is  located e a s t  of the 
hot springs a r e a ,  approximately tw o-thirds of a mile on the down side of 
the fau lt s c a r p ,  but the temperature of the water flowing from the hole  is  
only  1 4 . 5 °  C .  U ncased te s t  hole 3 4 /2 3 -1  lba is  approximately o n e -h a lf  
m ile south o f the hot springs area on the upthrown side o f the fault scarp . 
No w ater  flow s from the h o le ,  but the log shows the drilling mud at the 
bottom o f  the hole  was 4 0 °  C . In the Fly  Ranch area there are flowing 
w e lls  on both the up and down sid es of the fault scarp . The temperature 
o f  the w ater from them ranges from 15°  -  1 6°  C . Even though the 
hydraulic  head of the hot w ater system  is  greater than that of the surround­
ing co ld  w ater sy stem , the hot water seem s confined to mainly v ert ica l  
flow  with limited la te ra l  migration out of the hot springs area .
T e s t  ho le  3 4 / 2 3 - l l b a  encountered b a sa lt  a t  680 fe e t  below 
ground s u r fa c e .  At 570 fe e t  i t  penetrated 20 fe e t  o f  a n d e s ite ,  with the 
r e s t  o f  the log showing sed im ents .
The an d es ite  probably represents a flow that extended onto the 
e x is t in g  v a l l e y - f i l l  su rface  and was subsequently buried. The b a s a lt  is 
probably the f lo o r  of the v a lley  b a s in .
W e lls  3 5 /2 3 -2 6 d b ,  3 5 /2 3 - 2 3 a d ,  and 3 5 / 2 3 - l d b  a ls o  en­
countered hard rock but a t  much shallower depths of 319 f e e t ,  301 fe e t ,  
a Ad 368 f e e t ,  r e s p e c t iv e ly .  W e lls  3 6 /2 3 -3 6 a b  and 3 5 / 2 3 - l b d  encountered
" s h a le "  a t  450 fe e t  and 441 fe e t  re sp e c tiv e ly .  These five w e lls  are
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a lo n g  th e  w e s t -c e n tr a l  and northwest side of the v alley  and ind icate  
that the f i l l  in much of th is  area is  le s s  than 450 feet th ick .  W ell  
3 5 /2 3 - 2 3 b d  is  a l s o  on the w est side o f  the v a lley  but is  on an e levated  
area of th e  f i l l  which bulges out toward the central part of the v a lley  
(P late  1 ) .  This w e ll  encounters b lack  rock a t  260 fe e t  (Lawson, oral
com m unication , 1 9 7 3 ) .  G rose and Keller (1974-75) show the area a s  part
'
of a zone o f  sm all fau lt b lo c k s .  Therefore, the elevated area may be an
upthrown fau lt b lock  with a re la tiv e ly  thin cover of lake and a llu via l 
d e p o s i t s .
In the northern part of the v a lle y ,  on the eastern  s id e ,  w e lls  ' 
3 5 / 2 4 - 8 c b , 8 c c  encountered " s h a le -  a t  161 fe e t  and 156 fe e t ,  r e s p e c -
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t iv e ly .  W e l l  3 5 /2 4 - 8 c d  bottoms in sh a le  at 226 fe e t .  The " s h a le "  may 
rep resen t older alluvium that has been sem i-conso lidated  at depth. The 
sh a le  in the w e s t  side w ells  is  125 feet to 225 feet lower in e levation
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than the sh a le  in the e a s t  s ide w e lls .  This could be an indication of 
faulting w ithin the v a l le y - f i l l  basin  with the downthrown w est sid e  now 
having a g reater  th ick n e ss  o f younger v a l le y - f i l l .
To the south , along the eastern  div ide, w ell 3 4 /2 4 -9 b b  en­
countered "b la c k  ro ck" a t  60 fe e t .  This may a lso  be an interbedded flow 
or an e x te n s io n  o f the bedrock ridge to the e a s t .  However, it is  
probably not too e x te n siv e  s in c e  the log for w ell 3 4 / 2 4 - 9 c b  o n e -h a lf  
m ile to the south shows a depth of 490 fe e t  of unconsolidated sed im en ts , 
and one mile to the north is  the area where M cGinnis and Dudley (1964) 
determined the bedrock to be at a depth of 755 fe e t .
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An attem pt was made to determine, in a more system atic  way, 
the d istr ibu tio n  o f  the sands and gravels of the subsurface d e p o s its .
Sand and gravel w as considered a s  a unit and per cen t sand-gravel values 
were determ ined , using  w ell log data . A per cent sand -gravel map was 
prepared showing the distribution for the top 200 fe e t  of saturated 
sedim ents  (F ig .  3 ) .  In the area of the irrigation w ells  there is a general 
trend o f high per ce n t sand -gravel from northwest to so u theast.
In summary, the v a l le y - f i l l  reservoir tends to g e t  deeper from 
north to so u th , going from a th ick n ess  of around 450 feet in the northwest 
to a depth o f  over 800 fe e t  in the so u theast.  However, the depth to the 
hot w ater zone su g g e sts  that the maximum depth may be over 1 , 0 0 0  fe e t  
in the playa a re a .  In the northern part o f  the v a l le y ,  the f il l  is  re la tiv e ly  
th inner on the e a s t  and w e st  margins and is re la tiv e ly  th icker and 
c o a r s e r  in the ce n tra l  portion along a zone trending northwest to south­
e a s t .  In g e n e ra l ,  the v a l le y - f i l l  is  co arser  to the north, becoming finer 
grained to the south , where the few w ell logs in the playa area ind icate  
g reater  th ic k n e s s  of c la y  with interbedded sa n d s . The v a l le y - f i l l  shows 
a rather abrupt chan ge in c ro s s  sectio n  in the v ic in ity  of the a llu v ia l 
d iv id e ,  going from a depth o f 755 feet to 175 feet and a width of many 
m iles  to 4 , 0 0 0  fe e t  within a d is tan ce  of two to three m iles .
Groundwater Movement
In g e n e ra l ,  groundwater moves from areas of high hydraulic
head to a re a s  of lower h ead . A contour map of the head distribution , a s
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Figure 3 Contour map o f  percent sand-gravel in  tine top 
200 f e e t  o f  saturated  sediments*
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determ ined from measurements of water lev e ls  in w e l ls ,  is  one means 
o f d e lin e a tin g  the general groundwater flow pattern. F ig .  4 is  a con­
tour map o f the w ater lev e l e levations of the v a l le y - f i l l  reservoir of 
H ualapai F la t a s  measured in the spring of I 9 6 0 ,  a s  modified from 
S in c la ir  (1962) and Han-ill (19 6 9 ) .  This map represents the hydraulic 
head co n d it io n s  prior to the la r g e - s c a le  u se  of groundwater for irriga­
tion  farm ing. The configuration of the contours gives an ind ication  of 
the hydrogeologic parameters o f the v a l le y - f i l l  reservoir . The contours 
in d ica te  that the main recharge is  from a ll  along the w estern and northern 
h ig h la n d s . This recharge is  mainly from precipitation in the mountains, 
but ta k e s  p la c e  mainly along the re la tiv ely  permeable a llu v ia l s lo p e s .
In g e n e ra l ,  the groundwater flow is  from the recharge areas along the 
mountain fronts toward the playa and the alluvial d iv ide. The gentle 
gradient represented  by contours 4080 and 4070 in d ica tes  a p o ss ib le  
d e c r e a s e  in  the flow ra te .  However, this area is  outside of the 
phreatophyte d ischarge  zone (F ig . 4 ) .  There is  no evidence to su sp ect  
le a k a g e  out o f the bottom o f the v a l le y - f i l l  reservoir. This is  probably 
a com bination o f  an in crea se  in the th ickness  and hydraulic conduct­
iv ity  of the sed im ents; that i s ,  an in crea se  in the tran sm iss iv ity .  
A ccord ingly , the flow between th ese  two contours generally  follow s the 
area  of re la t iv e ly  th icker and co a rse r ,  northwest to so u th e a s t  trending 
se d im e n ts ,  a s  d isc u sse d  previously .
The ridge in the grad ients , a s  represented by contours 4070
and 4 0 6 0 ,  is  probably due to evapotranspiration. The change to a steep
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gradient in th e  v ic in ity  of the a llu v ia l divide is  primarily due to the 
ra th er  large  d e c re a s e  o f  the v a l le y - f i l l  c r o s s - s e c t io n  through the 
a l lu v ia l - f i l l e d  bedrock channel.
Tne inferred hydraulic head contours in the v a lley  area south 
o f  the playa in d ica te  flow through the playa and out th e  alluvial div ide. 
There would be a very gentle  gradient a cro ss  the playa due in large part 
to the d e c r e a s e  in flow rate through evapotranspiration. . It is  postulated 
that the v a l l e y - f i l l  is  th ic k e s t  in th is  a re a ,  and this would tend to 
in c r e a s e  the tra n sm iss iv ity .  However, the d e cre a se  in hydraulic con­
d u ctiv ity  due to the in crea se  in the per cent of c la y  would be an o ff­
se tt in g  fa c to r .  This would ind icate  that the d ecrease  in flow rate is  the 
la rg e s t  contributor to a shallow  gradient.
Flowing w e l l s ,  springs and seep areas are present around the 
margins o f  the playa , with the g reatest concentration o f flowing w ells  
on the north sid e  o f the playa (Fig . 2 ) .  This region is  the main evapo­
tran spiration  d isch arg e  a re a .  Due to the pumping action  of the tran s­
piring phreatophytes and evaporation of groundwater from the p laya , 
groundwater is  moving upward toward the su rface .  This pumping action  
e s t a b l i s h e s  a v e r t ic a l  gradient th a t  is  independent of confining co n ­
d it io n s ,  and th is  v e r t ica l  gradient alone could c a u se  flow from a well 
th at i s  tapping the aquifer a t  some depth. However, although in the 
region o f  the playa only a few w ells  have lo g s ,  th ese  logs ind icate  that 
th e  flow s from w e lls  are due primarily to the confining conditions
cre a te d  by the interbedded c la y  and sand.
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In the spring of 1 9 7 2 ,  flowing w ells  along the north s ide o f 
the playa region had s ta t ic  heads of 10 to 12 feet above land su rface  for 
a depth o f  penetration of about 100 fe e t .  Shallow w ells  in th is  area typ­
ic a l ly  encountered  w ater a t  depths between five and ten fe e t .  I h i s  gave
roughly an av erage v e r t ica l  hydraulic gradient of . 12  foot per foot o f  
p e n e tra t io n .
;
In the area of the irrigation w e l ls ,  sm aller v e r t ic a l  g rad ien ts , 
a s  observed from w ell log d a ta ,  probably e x is t  due to the e f fe c t  of the 
intertonguing of fine-gra ined  and coarse-grained  sedim ents . Many of 
the irrigation  w ell logs ind icate  the depth at which groundwater w as f irs t  
en co u n tered . This depth was usually  deeper than the depth to water 
a f te r  the drilling  had been completed and the well ca se d  and perforated. 
The in d ica tio n  is  that heads a t depth are greater than heads a t th e  top 
o f  the aq u ifer  sy ste m . For the f irs t  run of the model, th e se  v e r t ica l  
grad ients  were considered too small to be s ig n if ican t.
INPUT PARAMETERS
Input parameter values were determined for simulating the 
hydrau lic  head distribution under time independent and time dependent 
c o n d it io n s .  It w as assum ed that prior to la r g e -s c a le  pumping for
irr ig a tio n , the groundwater system of Hualapai was behaving under 
s tead y  s ta te  or long-term  natural equilibrium conditions and the 
hydrau lic  heads were fairly  s ta b le .  Therefore, in a groundwater budget
av erag e  annual to ta l recharge to the ba^in
y m e basin  WOuld approximate average annual
to ta l  d isc h a rg e  from the b a s in .  For time dependent v a lu e s ,  a l l  
hydro logic  param eters that might change with time had to be identified 
and v a lu e s  determ ined, including chan ges in the boundary v alu es for 
when pumping e f fe c t s  reached the hydraulic boundary.
H ydraulic Boundary
The conditions on the hydraulic boundary can be exp ressed  in 
terms o f hydraulic head and rates  of flow, either recharge or d isc h a rg e .
Very l i t t le  data are a v a ila b le  on hydraulic heads along the outer margins
of the v a l l e y - f i l l ;  th erefore , most of the hydraulic boundary was given 
in terms of flow .
The main re ch arg e , a s  a f fe c ts  the irrigation w e l ls ,  is  co n ­
sidered to come from streamflow infiltration . The streamflow study by 
Soule  (H arrill ,  1969) and data co llec ted  for the streamflow model o f  th is  
p ro je c t  (Fordham, in press) showed that significant stream depletion 
b eg in s  to tak e  p lace  near the b e d ro ck -v a lle y -f i l l  co n tac t  and th e  major 
portion o f  flow is depleted on the outer margins o f the v a l le y - f i l l  b a s in .  
W a te r  that h as infiltrated into the fractures and fau lts  in the bedrock and 
th at moves as  su bsurface  flow la tera lly  into the v a l le y - f i l l  may be co n ­
sidered a s  boundary rech arg e . Several cold water springs in the v a l le y -  
f i l l  a long  the mountain fronts may be the result of th is  type of rech arg e . 
Groundwater moving from the bedrock fractures into zones of v a l le y - f i l l  
o f  low perm eability  may be forced to the surface a s  a spring. No
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q u an tita tiv e  es t im a te s  of th is  boundary recharge were attem pted, but i t
w as estim ated  that it would be re la tiv e ly  small compared to other 
so u rce s  o f re ch arg e .
In the overall study, simulation of the streamflows did not 
s p e c i f i c a l ly  co n s id e r  recharge to the groundwater reservoir ,  and only 
very rough e s t im a te s  of recharge could be made from streamflow 
d ep le tio n  d a t a . A method commonly used in Nevada for estim ating the 
av erag e  annual recharge to an intermountain basin  considers recharge to 
th e  groundwater system  a s  a per cen t of the average annual p recip ita ­
tion that f a l l s  within various altitude zones of the basin  (M axey and 
Eakin , 1 9 4 9 ) .  The recharge attributed to each altitude zone is  summed 
for a to ta l  rech arge  to the b a s in .  The Bamberg and F riesen  (1972) model 
w as u sed  to e stim ate  the total precipitation and precipitation distribu­
tion  for u s e  in determining the basin  recharge. The to ta l estim ate  o f
rech arge  w as about 8 , 1 0 0  a c r e - fe e t  per year, which is  s im ilar to 
Ha n u ll 's  e s t im a te  of 7 ,3 0 0  a c r e - fe e t  per year (Harrill 19 6 9 ) .  However, 
w ith th is  model a distribution of recharge by su b -b a s in s  was obtained 
(F ig .  5 ) .  The value for the altitude zone-precip itation per cent recharge 
fa c to rs  w ere developed from studies of basin s  with primarily lim estone 
terrain in e a s t - c e n t r a l  N evada. These values may be questionable  
when applied to b a s in s  with granitic and v olcan ic  terra in . Therefore, an 
independent estim ate  of the basin  discharge provides a check  on the to ta l 
groundwater budget.
D istribution o f average annual recharge along stream ch an n els
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Sub-basin boundary
Figure 5 Hydraulic boundary: d is tr ib u t io n  o f  recharge and 
discharge values and area o f  known heads.
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a s  line  s o u rc e s  was considered too detailed for the roughness of the re ­
charge  v a lu e s .  A lso ,  s in ce  most of the stream recharge appears to take 
p la c e  on the outer margins o f the v a l le y - f i l l ,  it was believed  that 
d istr ibu tin g  the av erage  annual recharge values of each su b -b a s in  along 
a hydraulic  boundary through the margins would not crea te  appreciable  
error in the irrigation w ell a re a .  Therefore, the recharge boundary for 
th e  model is  mainly the b e d ro ck -v a lle y -f i l l  co n tac t .  However, th is  
boundary w as p laced a c ro ss  several v a l le y - f i l l  areas b e ca u se  the un­
co n so lid a ted  sedim ents were re la tiv ely  thin a n d , therefore , th e se  a re as  
could be consid ered  the e ffe c t iv e  edge of the main v a l le y - f i l l  reservoir .
The se ism ic  work of M cGinnis and Dudley (19 64) es tab lish ed  
th at there  w as groundwater continuity between Hualapai and the Black  
Rock D e s e r t .  Their work indicated a trench and terraces  cut into bed­
ro c k ,  probably by a stream draining Hualapai, that are now covered by 
u n co n so lid ated  sedim ents to, a maximum depth of about 175 fe e t .  Refrac­
tio n  p ro file s  indicated  a depth to saturated sediments of only about 20 
f e e t  and the U . S .  G eo lo g ica l  Survey te s t  holes drilled in 19 66 showed a 
hydraulic  gradient toward the Black  Rock D esert .  Thus groundwater is  
d isch arg in g  from Hualapai F la t through the a llu v ia l topographic d iv ide.
W ater  le v e ls  measured in th ese  te s t  holes during this p ro ject 
in d ica ted  that th e  hydraulic gradient and head e levations were fairly  con­
s ta n t .  The gradient'* as  measured in June of 1967 and 1 9 7 2 ,  were the 
sa m e , and there  was 0 . 1  foot d ifference in the water le v e ls  between the 
June 1967 readings and the June 1972 readings. The pumping in the
irr ig a tio n  area  had not affec ted  the flow through the a llu v ia l  divide; 
th e re fo re ,  it  was assumed that the values of hydraulic heads and d is ­
charge  m easured in th is  area in 1972 were sim ilar to the values prior to 
l a r g e - s c a l e  pumping. Thus th ese  values could be used in simulating 
th e  e a r l ie r  s te a d y -s ta te  head distribution. In order to sim ulate th is  
head d is tr ib u tio n , known hydraulic heads are needed for boundary co n ­
d it io n s .  Therefore, the hydraulic heads along the a llu v ia l divide were 
estim ated  from th o se  in the te s t  holes and were used for boundary co n ­
d it io n s  in the d ischarge  a re a .
The a l lu v ia l  divide was considered to be the only area o f 
s ig n if ic a n t  groundwater d ischarge a cro ss  the basin  boundary. An e s t i ­
mate o f the d isch arg e  through this area was computed. Using the logs 
o f the t e s t  h o le s ,  the different sediments were ass ig n e d  appropriate 
c o n d u ct iv it ie s  and an average hydraulic conductivity w as determined for 
the to ta l depth of the saturated sediments of the a llu v ia l d iv id e . Apply­
ing D a rc y 's  law expressed  a s ,  Q =  KAI, the hydraulic g rad ien t,I ,  a s  
determined from heads in the te s t  h o le s ,  the c ro ss  se c t io n a l  a re a ,  A, of 
the sed im ents  in the a llu vial div ide, a s  determined from M cG innis and 
Dudley (1964) and the average hydraulic conductivity , K, were used to 
give a d is c h a r g e ,  Q , of 400 a c r e - fe e t  per year. This value w as the 
sam e a s  computed by Harrill (1969 ) .
To the south of th is  area are several iso la ted  bedrock outcrops
co n n ected  by what appears to be gravel covered bars made up of 
alluvium reworked by wave ac t io n .  These bars may a ls o  be avenu es for
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d isc h a rg e  from H ualap ai.  Their s iz e  and position in d ica te  that they do 
not p a s s  a s  much w ater a s  the a ilu v ia l divide to the north. However, 
s in c e  evapotranspiration and flow from springs and artes ian  w ells  
co m p rise  the bulk of the v a lley  basin  d isch arge , assum ing a doubling 
o f  the boundary d isch arge  to 800 a c r e - fe e t  a year would in c re a se  the to ta l 
b a s in  d isch a rg e  by only  6% . Therefore, it  was assum ed that both the 
p rec ip ita tio n  recharge and the groundwater d ischarge in th is  area were not 
s ig n i f ic a n t ,  and thus the hydraulic boundary conditions for th is  part o f  
th e  b a s in  were given a s  zero flow ra te .  This is  the same a s  assum ing 
th at th e  rech arg e  and d ischarge  a cro ss  the hydraulic boundary in th is  ' 
area are  equal (F ig . 5 ) .
So u rces  and Sinks
T h ese  terms represent a l l  the groundwater recharge and d ischarge  
th at ta k e s  p la c e  within the hydraulic boundary of the v a l le y - f i l l  
re se rv o ir .  The d ifferen ce  between the hydraulic boundary recharge and 
d isc h a rg e  in d ica te s  that the g reatest amount of d ischarge  tak e s  p lace  
from within the v a l le y - f i l l  reservoir . Under s te a d y -s ta te  conditions, the 
to ta l  rech arge  to the v a l le y - f i l l  equals the total d ischarge  from it .  
T herefore , the e x c e s s  boundary flow of 7 ,7 0 0  a c r e - f e e t  per year of re ­
ch arge  h a s  to be accounted for in the net difference of recharge and d is ­
charge  from within the v a l le y - f i l l  reservoir.
Under s te a d y -s ta te  co n d itio n s , the major d isch a rg es  or sinks
are  phreatophyte evapotranspiration, bare so il evaporation, mainly
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from the playa and flow from springs and artesian  w e l ls .  The phreato- 
phytes are  mainly around the playa but extend into other a re a s  of 
sh a llo w  depth to groundwater. The distribution of phreatophytes prior 
to l a r g e - s c a l e  pumping is  shown in F ig .  4 .  The northern extent 
(S in c la ir ,  19 62) approximately co in c id es  with a 4 0 - fo o t  depth to w ater. 
This apparently  represents a maximum depth to w ater for plants of th is  
type (W h ite ,  1 9 3 2 ) .  Data for evapotranspiration by phreatophytes came 
from se v e ra l s o u rc e s ,  W hite (1 9 3 2 ) ,  M einzer (1942 ) ,  Dylla and Muckel 
(1964) and Veihmeyer and Brooks (1954 ) .  These data were derived from
, t i - &>r '\ A
experim ents in a re a s  of the se m i-  and w est of the United S ta te s  and 
should be rep resen ta tiv e  in a general way of sim ilar conditions in other 
a r e a s .  H ow ever, when applying this data to a sp e c if ic  a re a ,  a certa in  
amount o f  judgment and adjustm ent is  n e ce ssa ry .
The vegetation  density  in the brush areas is  moderate to low 
w ith high d en sity  occurring in re la tiv ely  small areas  around sp rin gs , 
s e e p s  and flowing w e l l s .  The grass  and hay areas have nearly 100% 
c o v e ra g e ,  w hile  an area e a s t  o f  the playa has a very low d e n sity  of 
greasew ood mounds. The playa is  bare s o i l .  It is  assum ed that the 
d istribu tion  o f the vegetation  and the character  of the bare s o i l  i s  such 
that the evapotranspiration d isch arges of groundwater within each  area 
are  ev en ly  d istribu ted . Experimental data ind icates  th a t,  in a bare so il  
a r e a ,  the groundwater d ischarge  begins to d ecrease  rapidly when the 
depth to the w ater tab le  or cap illary  fringe is  4 to 5 fe e t  or greater 
(W h ite ,  1 9 3 2 ) .  W e lls  3 4 / 2 4 - 1 7 a c  and 17bd show that the w ater tab le
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in the playa flu ctu ates  yearly from the ground surface to a depth o f 2 . 0  
f e e t .  In the bare so il  and greasewood mound a re a ,  the depth to water 
throughout the y ea r  is  generally  4 . 0  fe e t  and greater; th erefore , th is  
area w as consid ered  to have a sm aller discharge rate than the p laya . 
H ow ever, the to ta l d ischarge o f groundwater from the greasewood mounds 
may be large  enough to s ign ifican tly  in crease  the overall d ischarge  from 
th is  area  . B e ca u se  the depth to groundwater becom es rather large to ­
wards the northern edge of the phreatophytes, the plants in the area o f 
th is  boundary may not be e ffe c t iv e ly  utilizing the groundwater. Thus 
th e  av erag e  d isch arg e  for the northern section  of zone 5 (F ig . 4) may 
be o v e r -e s t im a te d .
M o st o f  the cold water flowing w ells  were drilled in the 1 9 4 0 s ,  
or e a r l ie r ,  and were located in spring or seep a r e a s .  It w as assumed 
that the d isc h a rg e s  from the w ells  were directly  compensated by 
red u ctio n s  in the spring and seep  d isch a rg es ,  thus the e x is t in g  s tead y - 
s ta te  condition  of the groundwater system  would not be greatly  d is ­
turbed and no long-tim e adjustm ent would be needed. The la rg est  
measured flow from th e se  w e lls  was 50 gpm (S in c la ir ,  19 62).
S in ce  the main concern was to model the e f fe c ts  of irrigation 
pumping, the hot groundwater area, south of the playa near Granite 
R an ch , w as considered too d istant to a f fe c t  the irrigation pumping 
a r e a .  In the v ic in ity  o f the Fly Ranch thermal a re a ,  cold w ater springs 
and flowing w e lls  e a s t  of the hot spring fault scarp seemed to in d ica te  
th at the hot groundwater d ischarge  was fau lt-controlled  and w as being
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e f fe c t iv e ly  confined to the hot SDrinas atm  tv-aobpnngs a re a .  This super-heated  ground-
w ater w as coming from a depth of 1 , 0 0 0  feet or more, y et ,  a t  the sur­
f a c e ,  the springs had a wide range of temperatures. For purposes of 
m odeling , th e  hot groundwater in th is area was considered to be coming 
from a confined system  below the co o ler  groundwater sy s te m . The hot 
groundwater w as considered to be leaking upward into the co o ler  
system  and the d ifferen t temperatures of the springs were an indication 
o f  the amount of mixing of the cold and hot groundwaters.
S in ce  it was assumed that the hot groundwater was confined 
to the thermal d isch arge  a re a ,  it  would have no way to flow but "up"; 
that i s ,  i t  would a l l  be discharged out of the thermal area a s  w ell and 
spring flow s and to a minor extent as  evapotranspiration d ischarge  by 
the n ativ e  g r a s s e s  and brush growing in the d ischarge a re a .  The d is ­
charge  from hot w ater w ell 3 4 /2 3 -2 d a c  was measured a t  betw een 450 
and 500 gpm, while the d ischarge from the three other hot w ater w ells  
in the area w as estim ated at le s s  than 50 gpm com bined. The to ta l 
spring d isc h a rg e s  were estim ated at about 200 gpm. S in ce  a l l  the 
groundwater leaking out of the deeper hot water system  in the v ic in ity  
o f  the thermal area is  a ls o  considered to be discharged in that a re a ,  the 
net d if fe ren ce  betw een the hot groundwater recharge into and d isch arge  
out o f the overlying cool water system is  zero. Therefore, the hot w ater 
flow  is  not used in the s te a d y -s ta te  model. For modeling purposes, 
th e  tra n sm iss iv ity  along the fault scarp and to the north and south of 
the thermal area is  given a value of zero , simulating no la tera l flow in
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t h e s e  d ir e c t io n s .  P h y s ica lly ,  th is  is  achieved in the thermal area by 
p recip ita tion  of mineral matter in the sediments from the hot water a s  it 
le a k s  up through the co o ler  groundwater. This would tend to re s tr ic t  
la te ra l  movement and would tend to keep the flow confined to the area 
o f g re a te s t  pressu re  and h e a t.
The door" is  le ft open for the co o ler  water to move down 
gradient from the w est into the thermal a rea .  In the m odel, the co o ler  
w ater is  re s tr ic te d  to the thermal zone ju s t  a s  is  the hot w ater, which 
is  probably a l s o  the c a s e  in the f ie ld .  Cool water that m ixes with the 
hot w ater would tend to in c rea se  the precipitation p ro cess  and further 
r e s t r ic t  groundwater flow in the a re a .  Therefore, cool w ater that flows 
into the therm al area must flow out the same a s  the hot w ater. S in ce  
the co o l  w ater does not come into the area as  a source term, but le a v e s  
a s  a s ink  term , an  estim ate  o f  the to ta l cool water flow out of the area 
would be needed for input to the s te a d y -s ta te  model. The temperatures 
of the springs indicated  a mixing ratio of cool water to hot water of 2 :1 ; 
th ere fo re ,  the co o l water that d isch arges from the thermal area must be 
tw o-th ird s  o f the to ta l spring discharge or approximately 135 gpm. 
B e c a u se  the springs are so numerous, the total cold w ater spring flow 
w as co n sid ered  to be evenly  discharged over the entire  springs a re a .
The evapotranspiration discharge value for natural meadows 
w as determined from data where the vegetation was tapping the w ater 
ta b le  for i ts  to ta l w ater supply. This value can be reduced by the rate
a t  w hich any su rface  water is  u sed . The total well and spring flows from
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the thermal area plus streamflow from several creeks  have been used to 
irr igate  the natural meadows a l l  along the northern se c tio n  of zone 3 
(F ig .  4 ) .  T h ese  flows would a ls o  be distributed such that they would 
c o in c id e  with the area l distribution of groundwater evapotraaspiration .
As a f ir s t  approxim ation, the applied water was assumed to reduce the 
groundwater evapotraaspiration by o n e -h a lf .  The reduction of ground- 
w ater u se  by the meadow vegetation was applied to the southern se c t io n s  
of zone 3 b e c a u se  they a ls o  were irrigated with streamflow.
The bulk o f  the surface water put on the meadows is  discharged 
a s  ev ap o tran sp ira t io n , but a certa in  portion may p erco late  down to the 
groundwater ta b le .  Spane (in press) ind icates that, for c la y e y  s o i ls  with 
a re la t iv e ly  high w ater ta b le ,  the amount of recharge to the groundwater 
ta b le  is  in the range of 5 to 10% of the water applied .
For a given a re a ,  the final s in k -so u rce  value used a s  input to 
th e  model is  the summation of the d ischarges and recharges distributed 
over the a r e a .  For the thermal springs a re a ,  the final input involves 
th e  cold  w ater flow only . Therefore, by using mixed w ater for a l l  th e  
s o u r c e -s in k  term s, the final net value can be multiplied by the 
appropriate mixing ratio  and the final net value for cold w ater flow 
o b ta in ed . The net value was the sum of the d ischarge from the springs 
and the net evapotranspiration discharge from the meadow v eg e ta t io n , 
minus the recharge to the groundwater system from the applied irrigation 
w ater . This type of a n a ly s is  was applied to the springs and flowing 
w e lls  w ithin the basin  where there was some record o f their flow prior
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to  e x te n s iv e  irrigation pumping. At any particular s i t e ,  i f  the net value 
o f  d isc h a rg e s  and recharges seemed large enough to e f fe c t  the head d is ­
tr ibu tio n , the value was used a s  input to the model. The net a re a l d is ­
ch a rg e s  for the phreatophytes and bare so il are shown in F ig .  6 .
For the time dependent sim ulation, the major inputs were the 
pumping ra te s  of the irrigation w ells  and the pumping sch e d u le s .  D is ­
ch a rg e s  w ere measured for most of the pumped irrigation w e l ls .  For a 
few w e l l s ,  th e  flow ra tes  used were based on es tim ates  from the farm 
o p erato r. The range of measured flows was from 200 gallons per minute 
to 1800  g a llo n s  per m inute. Pumping schedules at f irs t  were designed ' 
to r e f le c t  the e x a c t  o n -o ff  sequ en ce  of the pumps, but th is  was co n ­
sidered  too d eta iled  so  a general o n -o ff  seq u en ce , based on cutting and 
h a r v e s t ,  w as u se d .
C onsideration  w as a ls o  given to recharge of applied irrigation 
w ater and to d isch arg e  from crops actin g  a s  phreatophytes. There is  
l i t t le  data on amounts of recharge to the groundwater tab le  from 
irrigated  c ro p s ,  e s p e c ia l ly  involving sprinkler irrigation. However, 
f lu c tu a tio n s  o f water le v e ls  in observation w ells  in and around the 
irrigated  f ie ld s  indicated that recharge was taking p la c e ,  e s p e c ia l ly  from 
flood-irrigated  sandy s o i l s .  Flood irrigation appeared to u se  greater  
q u a n tit ie s  o f  w ater for irrigating a given crop, over a given a re a ,  for a 
g iven  so i l  than did sprinkler irrigation. The sandy so i ls  irrigated by 
flooding were considered to recharge 35% of the applied water (H uston, 
1 9 5 0 ) ,  w hereas sprinkler-irrigated sandy so ils  were given a recharge
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v a lu e  o f 15% of applied w ater. It was assumed that recharge from c la y  
s o i l s  under sprinkler irrigation would be n eg lig ib le .  For c la y  so ils
irrigated by flooding the recharge was considered to be  5% of applied 
w ater .
A few of the a lfa lfa  f ie ld s  were in areas  where the water tab le  
w as a t  depths of 4 0 to 30 fe e t ,  but most were in areas  of greater depth to 
w a te r .  Evapotranspiration from the groundwater was considered not to be 
tak in g  p la c e  b e ca u se  the f ie ld s  were su ffic iently  irrigated so that the 
root sy stem  would not grow to those depths. Native g ra s s e s  and hay in 
one fie ld  were considered to be evapotranspiring d irectly  from the ground- 
w ater ior parts of the growing season  and an appropriate distributed d is ­
ch arge  value was determined for the area .
For cropped f ie ld s ,  recharge to the groundwater from applied 
irr igation  w ater and d ischarge  by direct evapotranspiration from the 
groundwater reserv oir  were distributed over the irrigated a r e a s ,  w hereas 
th e  pumping flows were considered to be point d isc h a rg e s .
T ra n sm iss iv ity  and Storage C o effic ien t
Values of tran sm iss iv ity  and storage c o e f f ic ie n ts  were determined 
from pumping t e s t s  of severa l w ells  in different parts of the irrigation 
pumping a r e a .  Pumping te s t  data for the most part w as co lle c te d  during 
a c tu a l  irrigation o p eratio n s . Pumping conditions were such that the
most r e l ia b le  head change measurements were obtained after  pumping had 
stopped during the water lev e l recovery periods.
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Equations were developed so that tran sm iss iv ity  and storage 
c o e f f i c ie n t  v alu es could be determined from the use of recovery head 
data without the need of preceding drawdown measurements (C a se ,  
e t  a l ,  1 9 7 4 ) .
To supplement the pumping te s t  data , several other methods 
w ere u sed  to estim ate  tran sm issiv ity  and storage c o e ff ic ie n t  v a lu e s .  
S p e c i f ic  c a p a c i ty  data from nearly every irrigation well and severa l 
s to c k  and d om estic  w e lls  scattered  throughout the entire v a lley  basin  
w ere u sed  to e stim ate  tran sm issiv ity  v a lu e s .  Recordings of water le v e ls  
from se v e ra l d ifferent w e lls  showed water level f lu ctu ations that 
corresponded to barometric ch a n g e s .  The barometric chan ges and the 
corresponding w ater leve l changes were used to compute v alues of baro­
m etric e f f i c ie n c y .  General information on porosity of unconsolidated 
m ater ia ls  and the sediment d escrip tions from the w ell logs were used 
to determ ine av erage porosities  in the well s ite  a r e a s .  The average 
po rosity  and barom etric e ff ic ie n cy  values were then used to estim ate  
sto rag e  c o e f f ic ie n t  v a lu e s , which ranged from 3 . 1  x  1 0 - 3  to 6 x  1 0 ~ 5 . 
The tra n sm iss iv ity  distribution is  given in F ig . 7 and the storage 
c o e f f ic ie n t  d istribution is  shown in F ig . 8 .
MODELING
A computer program that had been developed for sim ulating a 
co n fin e d , nearly  horizontal aquifer was used a s  the b a s is  for modeling 
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Figure 7. Contour map of transmissivity values.
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on th e  fo llow ing tw o-d im ensional,  time dependent, a rea l flow equation:
4 -  Ft .... + - 2 _  fr 3h (x , y . til
">x L *=< «  j y  I-1 yy ay— J
= S (x ,y ) 1,11 ( x .y . t )  + P ( x , y , t )  _  _k
J)t t x  b.y r  -h  ( x , y  ,t jj
The input param eters for the program are a s  follow s:
T x x  and T yy are the tra n sm iss iv it ies  in the x  and y d irection , 
r e s p e c t iv e ly ,  and S ( x ,y )  is  the storage c o e ff ic ie n t .  These para­
m eters may vary in sp a ce  but are considered constant in tim e.
P ( x , y , t) is  the net d ifferen ce  of sources  and s in k s ,  and is  considered 
to vary in sp a ce  and tim e, k' and b' are the v er t ica l  hydraulic co n ­
d u ctiv ity  and th ic k n e ss  of an aquitard overlying or underlying the 
aq u ifer  being  modeled. Hr is  the hydraulic head of the system  co n ­
tributing v e r t ic a l  leakage  through the aquitard into the modeled aq u ifer ,  
k , b and Ĥ . a re  assum ed constant in tim e, but may vary in sp a c e .  
S in ce  there was l i t t le  information on v ertica l leak ag e , th is  term was 
co n sid ered  to be accounted for in the P (x ,y , t )  term s.
W ith  the above input d ata , the program so lv es  for the hydraulic 
head (h (x ,y , t ) )  distribution a s  a function of position and tim e. To 
im plement the m odel, a rectangular grid of 37 columns and 61 rows of 
node points with a nodal spacing of one-quarter mile was superimposed 
on the v a l l e y - f i l l  b a s in .
Aquifer parameters were tested  by running the model under 
s t e a d y -s t a te  co n d it io n s .  Information related to hydraulic head prior to
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irr igation  pumping cam e from R econnaissan ce  Report No. 11 (S in c la ir ,  
1962) and the Nevada D ivision of W ater R esou rces . The head data cam e 
m ainly from measurement o f water le v e ls  of w e l ls .  M ost o f  the w e lls  
w ere lo ca te d  around the margin of the playa with a few w ells  in the area 
o f irrigation  pumping. These measurements were expressed  in terms of 
depth below  ground su rfa ce .  During the study period, the only topo­
graphic map of the area was a s c a le  of 1 :2 5 0 ,0 0 0  which could not be 
u sed  for e s ta b l ish in g  well s i t e  e le v a tio n s .  Harrill surveyed w ell and 
t e s t  hole  s i t e s  mainly in the centra l portion o f the v a lley  b a s in .  Sun 
O il Com pany's e lev ation  grid for gravity sta tio ns in H ualapai w as used 
to e s ta b l i s h  e lev ation  for most of the irrigation w e l ls .  Thus depth to 
w ater  could be tran slated  to e levation  head. Due to the lack  of head 
data throughout the v a lle y  b a s in ,  the hydraulic head contours for pre­
irr igation  pumping conditions were sketchy  and in part inferred by topo­
graphy (F ig .  4 ) .
Severa l tr ia l runs under pre-pumping s te a d y -s ta te  conditions 
e s ta b l is h e d  a se t  of probable aquifer param eters. Storage c o e f f ic ie n t  
v a lu e s  and pumping rates  and schedu les  were added for tim e-depend ent 
m o d elin g .
The model w as operated for a maximum of thirty y e a rs .  A year 
c o n s is te d  o f a period of pumping followed by a period of reco v ery . The 
h ead s a t  the end of recovery  for one year were used a s  the in it ia l  heads 
for the beginning o f pumping the next year. S ign ifican t d ev ia tio n s  of 
th e  model heads from the measured heads showed up a fter  se v e ra l  years
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o f  pumping. After various adjustm ents of input param eters, i t  became 
ev id ent th a t ,  although q ualita tive  agreement with measured draw­
downs in many a re a s  could be obtained, the model would not give 
re l ia b le  lo ng-tim e head v a lu e s .  The parameter ad justm ents did in d ica te  
th a t the m ajor problem was with the boundary conditions an d /or  so u rces  
and s in k s ,  and that v ert ica l  flow components are a s ig n if ica n t part of 
th e  H ualapai groundwater system .
DISCUSSION
The in it ia l  assumption was that the e s s e n t ia l ly  horizontal 
component of flow w as large enough to mask any v e r t ica l  component. 
Another assum ption was that the w ells  were receiv ing  w ater primarily 
under confined conditions and that v ert ica l leakage w as not s ig n if ic a n t .  
H arrill  made the assum ption that in the short term the groundwater 
system  would respond a s  i f  confined , but over the long run it  would a c t  
a s  an unconfined aq u ifer .  It now appears that the flow would b e s t  be 
modeled a s  a com bination of th e se  assu m ptions, an upper unconfined 
sy stem  and a deeper confined system  with leakage probably becoming 
s ig n if ic a n t  a s  pumping in c r e a s e s .
The w ell logs show e x te n siv e  intertonguing of c o a rse  and fine 
m a te r ia l ,  but i t  is  d iff icu lt  to demonstrate any la tera lly  e x te n s iv e  c o n ­
fin ing la y e r s .  B ecau se  of the lensing and intertonguing nature o f the 
se d im e n ts ,  the la tera l v a r ia t io n  may be such that no one zone of
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sed im en ts  may be truly confined from another and there may be a fa ir  
amount o f  hydraulic connection throughout the v a l l e y - f i l l ,  e s p e c ia l ly  in 
th e  younger Quaternary d e p o s its .  V ertical d ifferen ces  in hydraulic head 
may be  due to partial v ert ica l  confinement and to la tera l movement through 
sed im en ts  o f different perm eability ; that i s ,  a s  the groundwater beg ins to 
move down gradient in respon se  to gravity , sedim ents of d ifferent perme­
a b i l i t i e s  that are a c ro s s  the general flow path will re frac t  the ground- 
w a te r ,  thus cau sin g  v e r t ica l  components of flow, even though the system  
under th e s e  conditions is  not s tr ic t ly  confined.
The c a s in g s  of most o f  the irrigation w ells  are perforated from 
n e ar  the depth that water was f irs t  encountered, continuously  downward 
to near th e  bottom of the c a s in g .  Under th ese  co n d it io n s , d ifferen ces  in 
head with depth would not be m easu rable . If v er t ica l  d iffe ren ces  in head - 
did e x i s t ,  ample in terconnection  would have been  provided by the irriga­
tion  w e l l s ,  and the w ater le v e ls  in th ese  w ells  would represent a 
co m p o site  h ead . A lso , with th is  type of w ell construction  a s  the w ater 
le v e l  in a w ell drops during pumping, the perforations allow  the exposed 
c o a r s e r  le n s e s  to drain la tera lly  into the w e ll .  Although the la tera l  
drainage of the fine-gra ined  sedim ents may be s l ig h t ,  with time the 
exp o sed  fin er  le n se s  may provide water by drainage into the co a rse r  
l e n s e s .  The overall e f fe c t  would be to c a u se  gravity drainage from the 
satu rated  sedim ents above the pumping water le v e ls  and thus help 
e s ta b l is h  an unconfined condition throughout the w ell  fie ld  in a t l e a s t  
th is  upper z o n e .  For modeling purposes, it may be b e s t  to co n sid er  the
depth o f saturated sedim ents penetrated by the irrigation w e lls  to be an 
unconfined or highly leaky groundwater sy stem . This type o f system  
w as in d ica ted  from more recen t observations of water lev e ls  in w e lls  
during pumping. Using an e le c tr ic  sounding probe, it  was determined 
th at many of the irrigation w ells  exh ib it a seepage f a c e .  This would 
in d ica te  dew atering of the saturated sedim ents that a re  above the pumping 
w ater  l e v e l .  In p articu lar, w ell 3 5 /2 3 -1 3 d b 2 , when pumping, d isp lays a 
se e p a g e  f a c e .  But a t  the same time non-pumping w ell 13dbj , 125 fe e t  to 
the north , a l s o  has a seep ag e  f a c e .  The water was observed to c a s c a d e  
into the w ell  from a ll  d ire c t io n s .  W ell 3 5 /2 3 -1  lb a  is  one-quarter o f  a 
m ile  south of 13db2 . When 13db2 is being pumped but l l b a  is  not, l l b a  
d isp la y s  a m easurable  and audible seepage fa c e .  The pumping w ell 
p e n e tra tes  over tw ice  a s  much saturated sediments a s  do either of the 
o b serv ation  w e lls ;  th erefore , the observation w ells  are  partia lly  pene­
trating with r e s p e c t  to the pumping w e ll .  In an unconfined aq u ifer ,  the 
w ater  le v e l  in a partia lly  penetrating observation w e l l ,  which is  re la t iv e ly  
c l o s e  to the pumping w e ll ,  w ill be lower than the surrounding w ater ta b le  
due to th e  v e r t ic a l  component of groundwater flow a s  represented by the 
w ater ta b le  s lo p e .  This would explain the seep ag e  fa c e  in the near ob­
serv ation  w e ll ;  how ever, according to Hantush (1 9 6 4 ) ,  th eo re t ica l ly  
w e ll  llba should be a t  a great enough d istan ce  so a s  not to be a ffec te d  
by partia l penetration or the w ater tab le  s lo p e . The w ater le v e l  in the 
w e ll  c o in c id e s  with the w ater ta b le .  Two other fac to rs  may have 
in flu enced  the v e r t ica l  head distribution such that a seepage fa c e  was
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produced in w ell l l b a . One would be that the hydraulic conductivity  in 
th e  rad ia l d ire c t io n  w as s ig n if ican tly  larger than the v e r t ic a l  co ndu ctiv ity . 
The other would be that the pumping well is  influencing a greater  depth 
o f  saturated  sedim ents than f irs t  assu m ed.
M ore recen t field  data ind icate  that the hot w ater system  may 
be  s ig n if ic a n t ly  a ffe c t in g  the groundwater flow in the area of the irriga­
tion  w e l l s .  In 1 9 7 3 ,  Sun Oil Company ran v er t ica l  temperature profiles 
in many of the w e lls  and t e s t  h o le s  throughout H ualapai. In irrigation 
w e ll  3 5 / 2 3 - 7 b a , a w ater temperature of 9 0 °  F was reported near the 
bottom of the w e ll  (Spoo, personal communication, 1 9 7 4 ) .  This w ell i s '
5 . 5  m iles  north to northeast of the hot springs a re a .  The land su rface  of 
the w ell  is  about 66 fe e t  above the land surface of the springs a re a .  
H ow ever, the head on G e y ser  hot w ell in the spring area is  estim ated to 
be 3 0 -3 5  fe e t  above the w ater le v e l in w ell 7 b a . It appears that there is 
enough head in the hot w ater system  to push water from the v ic in ity  of 
th e  hot springs through a confined layer into the area of w ell 7 b a . How­
e v e r ,  the trend of the fau lts  in the hot springs area is  in the d irection  of 
7ba and the faulting or cracking may extend into the bedrock under the 
v a l l e y - f i l l  in the area of the w e l l .  The hot water may be moving into the 
v a l l e y - f i l l  area a t  depth along the fau lts  and slow ly leaking upward into 
th e  o v erly in g , unconsolidated  sed im ents . Information recen tly  received  
from the o f f ic e  of the Nevada D ivision of W ater R esources  shows that the 
tem perature of the w ater pumped from w ell 3 5 /2 4 -1  3db2 in c re a s e s  
s ig n if ic a n t ly  when the pumping rate is  increased  from about 1 , 2 0 0  gpm
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to  1 , 7 0 0  gpm (W in ch ester ,  personal com m unication, 1 9 7 4 ) .  This would 
in d ic a te  th at warm w ater a t  depth becom es a greater  percentage of the 
w ater d isch arged  a s  the pumping rate and drawdown are in c re a se d .
I f ,  in fa c t ,  an unconfined cold groundwater flow system  o v e r-  
ly ing  a confined  hot groundwater flow system  does e x i s t ,  then more 
inform ation concern ing  the deeper hot water system  would be needed to 
r e l ia b ly  model the upper cold  w ater sy stem . This would include data a s  
to the a re a l  ex ten t o f  the deeper sy ste m , the sp atia l  distribution of 
depths to the deeper system  and the distribution of upward leakag e  into
the upper sy ste m .
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